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ABSTRACT

Consider an ideal white gaussian channel shared
by K users that transmit independent data streams by
modulating antipodally a set of assigned signal
waveforms without maintaining relative synchronism
among them. This paper investigates the probability of
orror achievable by an optimum K-user coherent detec—
tor. It is shown that unless signals with poor
cross—correlation properties are used or the interfer—
ing vsers are comparatively weak, the minimum error
probabilities have the same asymptotic behavior as in
4 single-user commnication system, i.e. there is no
performance degradation due to the presence of other
users. As illustrated by several examples, this
implies that in the SNR region of interest, the error
probability of the comventional detector is mot neces—
sarily close to the minimumm even if signals with low
cross—correlations are used.

I. INTRODYCTION

Consider a digital commmnications system in which
the channel is shared by K users that modulate antipo-
dally a set of assigned signal waveforms, without car—
rier phase or bit—interval synchronism among them.
The coherent receiver commonly employed in this multi-
ple access communication system [12] consists of a set
of matched filters synchronized to the signal of each
user and followed by a zero—threshold (Fig. 1), i.e.,
assuming that the channel introduces additive white
‘gaussian noise, the comventional receiver--can be
viewed as a bank of optimum detectors for single user
communication., However, since in general the imput to
every threshold has an additive component of multiple
access interferemce (cross—correlation with the sig~
nals of the other users), the conventional receiver is
optimum for the detection of a givea user ouly asymp~
totically as the SNR’'s of the other users go to zero,
When signals of large bandwidth are allowed (e.g., in
Direct-sequence Spread—Spectrum), the designer can
select a signal set with very low cross—correlations
for all possible delays. In these circumstances, the
performence of the conventional receiver has been
thoroughly analyzed ([8], -[13] and the references
therein) and has been shown to be very acceptable for
signal sets having good correlation properties,

The goal of the present work is to obtain the
pinimum probability of error achievable for the usual
asynchronous multiple—access digital communications
model; we will derive and analyze an optimum K-user
coherent detector (the a priori unknown relative delay
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and carrier phase of each active user are assumed to
be acquired) which bases every bit decision on the
whole observation interval, Under these conditions it
is straightforward to show that the whole sequence of
outpets of the bank of matched filters for all users
is a sufficient statistic for the detection of the
transmitted information sequence, The bank of matched
filters is followed by a decision device (Fig. 2) that
depends on the optimality oriterion employed, the
major criteria being minimum bit error rate and
maximura-posteriori sequence detection. Although the
performance measure of interest is the set of error
probabilities for each user, MAP sequence detection
may be preferable since it gives the most probable
transmitted information sequence given the received
data or equivalently it selects among the possible
noise realizations the one with minimum power. Also,
while tor high SNR both receivers achieve the same
error probabilities, the minimum BER detector is conm
siderably more complex ([10], ([17]) than the MAP
sequence detector due to the inherently nongaussian
{composite hypotheses) character of the minimum error .
probability problem,

As is shown in Section II, the decision device
for MAP sequence detection can be implemented by a
Viterbi algorithm with 2K gtates and a K-dimensional
version of the branch metric employed in the maxitmum—
likelihood sequence detection of PAM communications
through 1linear: channels that introduce intersymbol
interference of approximately finite length., The main
result of the minisum error probability analysis of
Section III is that when signal sets with good cross—
correlation properties are employed the optimum proba—
bility of error of every user has the same asymptotic
behavior (inoreasing SNR) as that achievable in
single—user commonication. Since this asymptotic
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multiple-access communications.

error probability performance is, in most cases of
interest and unless the system operates in the low SNR
region, appreciably superior to that exhibited by the
conventional receiver, the optimum receiver offers
important performance advantages. Furthermore, even
if signal waveforms with poor cross—correlations are
used, the optimum sequence receiver provides multi-
access capability and it is shown that except for
trivial cases, and in contrast with the conventional
receiver, any pre—specified probability of error is
achievable with high enough SNR. Finally, in Section
IV the computation of the average and worst—case of
the error probability bounds found in Section III is
illustrated numerically.

II. OPTIMUM DETECTOR

In the usual asynchronous K-user data communica—
tions model (cf, [12]), the input to the receiver is
r(t) = S(t,b) +n(t) =ML { ¢ ¢ (M42)T (2.1)
where n(t) is zero-mean white gaussian noise (double-
sided spectral height of N /2), T is the bit interval
duration (assumed to be the same for all users) and
the received informatiom-bearing signal (with bBinary
antipodal modulsation) is

M K :
S(tLP=5 T b (i) s (t - iT - 7)
i=Mx1 &K k

2.2)

where b = {b(i) = [by(1), ..., bp(IT, 1= M, ...,
M} end bi(i) € {-1,1), sx(t) (= O outside [0,T]) and
Ty € [0,T) are the i‘™ bit, the signal waveform and
the delay (modulo T with resgect to an arbitrary
reference) respectively of the xtR uger,

The MAP bit—sequonce detection problem for the
model (2.1-2) is to solve for the bit—sequence that
maximizes the a posteriori probability Plble(t),
-MI { t ¢ (M+2)T). Because the mnoise is white and
gaussian and all sequences b are equiprobable, this
amounts [16] to finding the sequence that minimizes Ir
— S(b)1, the Euclidean distance between the transmit—
ted and received signals, or equivaleantly that maxim—
izes,

) =2 <, S(> - Isw 2. 2.3
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Denote by yi (i) the output of a matched filter
for the itk bit of the kB user; i.c.,

+(i+1)T
Y = [ r()s, (t-iT-p) dt, (2.4)
T +iT
and the K x k correlation matrix H(i) whose k-row j-
column element is
T
B () = fo sy ()5 (t+iTerye;) de. (2.5)
Since sy(t) = 0 for t € [0,T} and k =1, ..., K, H(i)
has the properties:
H(i) =0

for lil >.1, (2.6a)

H(i) = #T(-1) (2.6b)
and with an adequate numbering of the users, B(1) is e
triangular matrix with zero diagonal.

With the above definitions, we can express both
terms of the right~hand side of (2.3) in the form,
X oz
, 8(8)> = I b (dyd),
i=M

(2.7
and

M M
Iswi2= £ 3£ ol 8G-j) b)),
=M j=M

(2.8)

with y = {y(i) = [yy(d), ..., yp(iNT, 4= M0,
Even though as explained in Section I, yy(i) is not a
sufficient statistic for the detection of by(i), (2.3)
end (2.7) imply that the whole sequence of outputs of
the bank of K matched filters, y, is a sufficient
statistic for the decision of the most likely sequence
b. Therefore, we can proceed to obtain the decision
algorithm that selects the most likely b upon observa—
tion of y (Fig. 2). The brute—force method of
ovaluating (2.3) for each of the 2K(2M+1) possible
sequences b has no practical significance due to the
exponential dependence on the length of the observa—
tions, The key to the reduction of computational
effort is the use of properties (2.6a-b) of the matrix
H(i), which imply that (2.8) can be written in the
form

2. ¥ o7, .
BwE = & vl B0v(1)+2B(1b(i-1))
i=M :
with b(-¥#1) = 0, Hence (see [5], [19]) the sequence
that maximizes (2.3) can be oomputed by a Viterbi
algorithm with state space S8 = {-1,1})X and branch
metric given by

(2.9)

’q(xi.xi_l) = xrf[ZS'(i)“ﬂ(O)!i—ZH(l)xi_ll (2.10)
vhere x; € S, Consequently, the decision rule that
gives the MAP sequence can be implemented by a front
end of matched filters (as in the conventional
receiver) followed by a recursive shortest—path deci-
sion algorithm whose computational complexity is
equivalent to the ML decoding of a comvolutional code
of rate K/K and constraint length equal to 2., Note
that assuming the wuse of a bank of comventional
receivers for single user communications with observa—
tions corrupted by independent mnoise processes,
Schneider [14] arrived at a discrete—time model with
additive white noise and conjectured the use of a
Viterbi algorithm with 22K states.



Although the decision delay is unbounded because
an optimumm decision cannot be made until all states
share & common subpath, a well-known advantage of the
Viterbi algorithm is that little degradation of per—
formance occurs when the algorithm uses an adequately
chosen fixed decision lag. On the other hand, for
large numbers of users the dimensiomality of the state
space becomes infeasible and hence the designer must
resort to suboptimal implementations based either on
- the Viterbi algorithm (e.g. [2],[6]1) or on other
schemes such as sequential decoding (e.g., [91, [19]).

" III. ERROR PROBABILITY ANALYSIS
II1.1 Upper and lower bounds

This section is devoted to the analysis of the
minimum bit .error probability for the asynchronous
multiple—access model (2.1-2) as 2 function of the
received set of delays and carrier phases, Specifi-
cally, we amalyze the probability, Py, that the

timum & posteriori bit—decision corresponding to the
OR bit of the kB user is orroneous; i.e. Py =
Plby(0) # bx(0)], where

by(1) = arg max PIby(i) = ble(t), STCOHDTI (3.1)
b € {-1,1}

Define the set of nomzero error sequences E =
{e = {s(De{-1,0,10K, i=-M, ..., H; s.t. e(j)#Q for
some j}}. An error sequence is called decomposable if
there exists a pair of sequences g' € E, g” € E, such
thatl g'<g, 8"<e, £'+¢" = g,and §S(e)I2 = Us(e)B2 +
Is(e) M2, Define the following subsets of error
sequonces

Fk ={g @E, s.t. & (0)£0 and g is not decomposable}

Ay(p) = {e € E, s.t. b(D) - 2¢(i) € {-1,1)K,
i=-M,...M, and 5,(0) = by(0)},

i.e., Ap(b) is the set of error sequsnces that affect

the Oth bit of the kP user and that are admissible
given that b is transmitted. Define the functions

K
we) = % z ltk(i”- e
k=1

i=¥

K
L - [151 b;(0) By (0) +05 (1) Hyy (-1)

ik
Fo(~1)Hyy (1) /B, (0)
and
dp(p) = min Isip)ll
L€ AWML

The minimum emergy of sny error sequemce such that

ex(0) # 0, will be demoted by df minsi.e.,

4 min = min 4 (b) = min 821,
b 1%

which corresponds to one half of the minimum FRMS of
the difference between the signals of any pair of
transmitted sequences that differ in the otk bit of
the xtB user.

lye denote 8'<g if |e3(1)|$]ej(1)| for all 1<K
and -MCigH,
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Proposition 12

The minimum error probability of the kth yser jg
upper bounded by

P< EéF 278 olis()l V27N (3.2)
&l
and by k
Py < By[QG/2E (0) /Ng(1+1(B) )] (3.3)

where the expectation is over the ensemble of equally
likely transmitted sequences b.

Proposition 2
The minimum error probability of the kiR gser ig

lower bounded by )

Py 2 PLag(L) = dy i) QUdy 3 V2N ), (3.4)
and by

P2 2 B (078, ). (3.9

The bounds (3.3) and (3.5) are, respectively, the
kth user error probability achieved by the comven—
tional receiver (Fig.1) and the k'h user optimm error
probability if no other user were active. It is easy
to see that they are tight in the low SNR region. On
the other hand, the bounds (3.2) —an upper bound to
the ktR user error probability of the optimum sequence
detector of Section IT— and (3.4) are tight in the

high SNR region as is demonstrated in the following
subsection.

III.2 Asymptotic Probability of Error
Because of the asymptotic behavior of the Q-
function ‘(,i% Q(x1/0)/Qx3/0) = 0 if x3 > x3), the

only sequences that contribute appreciably to the

upper bound (3.2) when Ny -) 0, are those with minimum
energy. Therefore (3.2) and (3.4) result in

Cli““‘k,nin 2/Ng) S Py CEQ(dk.nin 2/Ny) »

(3.6)
where
O = Play@ =ty piad =Pl U GeA @11, (3.7
g
=k s.t.
's‘”"dx.m
and
0
G= "&.z Pls € A1 (3.8)
E6F, 5.t e5F, 5.t
|S(g) '=dk,min IS(Q 'zdk.min
Since the upper and lower asymptotic bounds of
(3.6) differ by a mmltiplicative constant independent

of Ny, the kth user error probability for high signsl
to noise ratios is equivalent to that of an antipodal
single-user system with bit—energy equal to mine
This suggests that s measure of the degradat on ?n

2proofs are omitted in the Conference Record be-
cause of space Limitations,



optimum performance (for high SNR) caused by the prn-
ence of the rest of the usors can be given by the kth

nser asymptotic efficiency, ny € [0,11, defined as the
ratio between the effective and actual SNR's; i.e.,

N = g/ Bg(O) (3.9
Analogously, the asymptotic efficiency for the
conventional receiver can be obtainad straightfor—
wardly from the right-hand side of (3. 3)3,

!\k = mAXx {o' zkll&k(o)}, (3 010)
vlith 1
(0) - : i lm_ ()1, 1 K,
™ faq e al
(3.11)

where the asymptotic efficiency has been taken to be
zero in thoe case in which for same b, I3(b) < -1
(nonzero limit of probability of error).

This phenomenon of multiple~access limitation of
the achievable error probability by the conventional
recoeiver can occur even if signal sets with good
cross—correlation properties are employed, provided
that the number and relative power of the interfering
users is large enough, This behavior is in sharp coo—
trast with that of the optimum receiver. For dy
=0 it is necessary that two different informelin
sequences result in the same received mnoiseless sig—
nal, and this can only happen for signal comstella—
tions with poor ocross—correlations. Moreover, even if
for some set of delays, carrier phases and received
enorgies dy nin = 0, this occurs with probability zero
if, as in’the usual asynchronous model, the a priori
unknown delays and phases are uniformly distributed
and nontrivial signals are employed. This fact is a
corollary of the following result.

Proposition 3
- Suppose that in a probability space (Q,F,P)

i) 7 is & continuous random variable,

ii) {Iis{(t) dt.

pendent r

i=1,...,K} are
variables,

114) ST sf(t) at £ 0 as. P

Then, dy 1in # 0 a.s. P

Also of interest is to find out under what condi-
tions on the 'signal cross—correlations there is mno
degradation in the effective SNR of a particular user
due to the existence of other active usexs. It can be
seen from (3.10) that for the comnventional receiver
this is only possible when the cross—correlations with
the rest of the users are zero; i.e., with zero proba—
bility. Fortunately, the behavior of the optimum
exror probability is different. In order that w1l
there must exist an error sequemce with 8y(0) -and at
least anothex compomnt different from zero, whose

energy §S(e)I2 is smaller than Hy3(0). From the
inspection of (2.8) or (2.9) onme can argue in coarse

3Note the discrepancy between n{ and previously
proposed measures of SNR degradation based on the
gaussian noise modeling of the mmltiple acoess in—
terference [20].
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terms that this can occur only if the oross-
correlations are at least comparable to the energiecs
of the rest of the signals. A simple sufficient con-

dition for ny = 1 (see (2.9)) that formalizes this
reasoning is that for all x and y € {-1,0,1}

B0 if Ixgl =1,

The following result provides another sufficient
condition for an asymptotic efficiency equal to ome
which is stronger than the condition for nff0; i.e.
I4(b)>-1. (Counterexamples can be found in which nf#0
and nyA1).

LL[H(0)x + 2H(1)y] )

081

Suppose that
i) For every q # k

Zg 2 max{|Hgy(-1) I+lnqx(1) a0 1)

x
i) By (o) - m{z p ll!qk(r)l.OJ 2 0.
qfk
Then n = 1.
Corollary

1
If for every gfk, Zg2 z lﬂqk(t” then n=1.

One instance in which 1{73 possible to obtain an
analytical solution for the minimum exror energy prob—
lem is the case of two users:

Proposition §
If K = 2 then

'lk=1—mx(0.2|l!12(0) |—Hii(0) pZIﬂlz(l) l-nii(o) ’ (
3.12)
218, ,(0) 14218y 5(1) =28, ;(0) } /By (0)

where 1 £ k.

NUMERICAL EXAMPIES

Two pairs of lower and upper bounds to the xth
user minimum error probability have been presented in
Section III and they have been shown to be tight
asymptotically; mnonetheless, it remains to ascertain
the SNR level for which such asymptotic approximation
is sufficiently accurate. In the sequel,this question
is illustrated by several examples of the computation
of averages and extreme cases of the above bounds.
Moreover, the explicit expressions of the asymptotic
efficiency found in the case of two users will be
employed to investigate the relative effects of the
near—far problem on the conventional and optimom
dotectors.

v,

The computation of the upper bound to the error
probability of the optimum sequence detector is oar-
ried out by generating a subset of Fy that achieves a
sufficient degree of approximation to the series of
the right-hand side of (3.2). This subset of F; is
obtained via a 9~ary tree in which the root reprosents
the error sequence whose only nonzero element is
€3(0)=1 and in which the sons of every node are its
indecomposable augmented sequences (from the left and
right with an element of the set {-1,0,1}) whose recla—
tive contribution to the partial som is greater than a
convergence parameter. For a given accuracy, the speed



of convergence of this procedure depends on the max-

imom value of Ny for which the bound is computed and
on the magnitude of the signal cross—correlations.

Denoting by §S(g,z)§2 the explicit dependence of
the error emergies on the set of delays, it is easy to
see that if the signal waveforms are coastant on the
intervals [an.(n-l-l)T ) where n=0,...,N-1 and NI =T,
then fs(e, 004 is affine in T im every cube
[ngT;, (n1+1)To) X« oX[ngT, (ng+1)To) . This property
and the fact that the function Q( x) is convex imply
that the worst—case of the optimum sequence upper
bound occurs for T = (ﬂgc....,nxl'c) and that an upper
bound to the average k'? user probability of error is

given by
T T
TE Lo 2 M Padsteol 2N
=0 iy g0 £y
<NE oz r 2" Dadse.pl 2Ny, (4.
Ty T,  g€Fy
ﬂi=0,...N—1

Our tirst example is a baseband asynchromous sys—
tem with two equal-energy users that employ a simple
set of signal waveforms (Fig.3). In this figure the
upper bounds to the best and worst cases of the
optimum detector are indistinguishable from each
other, and for SNR higher than about 6 dB, from the
single user lower bound (whichk is also the minimm
energy lower bound since ny=1), Note also that the
maximum interference coefficient is 11=1/3 for all
delays and the performance of the conventional
receiver varies very slightly with the relative delay.

1 T | T ] 1 ] T ] T
== Worst Case Conventional Detector
———— Best Case Conventiona! Detector
Upper Bound Sequence Detector

:-~.\:’ ''''' - Single User

102

Probability of Error,
g
£

10€

8 16
SNR {dB)

Fe-7rIY

Fig 3. Best and worst-cases of the error probability

of user 1 achieved by conventional and optimum
detectors,
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In the next examples, we employ a set of spread—
spectrum signals: three maximsl-length signature
sequences of length 31 generated to maximize a

=TT RN '
_Conventional
------- -Worst Case User 1
~—-—-=Worst Case Users2,3
_ ) == Average Userl ]
102 Fic _1
"\..g\'\'\.\
”\ .\.‘\\
- \ ~ ., 7
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& o
- \‘\
s .
> 109 o 7]
= >
3 o~
3 ™
[=] s
£ h
—— Upper Bound Worst Case
o6 Sequence Detector .
=== Upper Bound Average
Sequence Detector
R Single User 1
10-8 RN DR | ] o L L 4 l ;
3 3 4 8 ) 10 11 12
SNR, dB) it
Fig 4. Worst—case and average error probabilities

achieved by conventional and optimm detectors
with 3 active users employing max-SNR m-
sequences of length 31,

signal-to-multiple—access interference functional
[7.Table 5]. The average probability of error of the
conventional receiver for equal-energy users employing
‘this signal set has been thoroughly studied previously
({11,[81,[13]) and in Fig.4 we xeproduce (from
[8,Pig.2]) the average error probability of user 1
achieved by the coherent coaventional detector. Also
shown in Fig.4 are the worst—cases of the comventional
detector (recall that the worst possible set of car—
rier phases corresponds to the bascband ocase) and
upper bounds to the baseband worst-case and average
minimmm error probabilities for user 1, From the
observation of Fig.4 we can conclude that for error
probabilities of 102 the average performance of the
conventional detector is fairly close to the single
user lower bound, but the worst—case error probability
is notably poor for the whole SNR range considered in
the figure.Note, however, that since the signal set
has good cross—correlations for most of the relative
delays,error probabilities close to the worst—case
curve will occur with small probability. The worst-
case and, especially, the average upper bounds on the
optimum sequence detector performance are remarkably
olose to the single user lower bound, and show that
the minimum error probability not only has a low
average (around one order of magnitude better than
that of the conventional detector, at 9 dB) but its
dependence on the delays is negligible for most prac—
tical purposes. '
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The next example investigates the near—far prob-—
lem (i.e.,the effects of unequal received emergies)
for two users that employ a subset of the previous set
of maximal-length signature sequences., The conven—
tional and optimum asymptotic efficiency of user 2
obtained via (3.10) and (3.11) is shown in Fig. 5 as a
function of the relative energy of the interfering
user. As should be expected, the conventional detector
approaches the optimum efficiency as the interfering
user becomes weaker, and decreases monotonically with
the energy ratio until it reaches zero (multiple~
access limitation) for relative emergies in the inter—
vals (46.3,430 dB) -users 2 and 1~ and (+9,+30 dB)
-~users 2 and 3-,

By means of (3.11)it is easy to show that in the
case of two users the optimum asymptotic efficiemcy is
equal to one if and only if the relative emergy of the
interfering user is greater than 4a2, where
awmax([Hy(0) |, I8y 2(1) 13/ (By1 (0 Bpp(0)) */*.  Further-
more if tl’:’o rclanve energy of the interfering user is
less than 4a? then the lowest possible efficiency is
1~ Mx(az,pzlzl, where

B=C1H; 2(0) 1+1Hy (1) 1)/ (Hy 1 (0)Hpp(0)) */* (of. Fig. 5).

The intuitive reason for this behevior is that noise,
not the randomness of the information of the interfer—
ing users, is the primary source of the errors commit—
ted in the optimum detection of the user of interest,
if the interfering users are suffioiently powerful.
When users 1 and 2 are active, the worst—case optimum
asymptotic efficiency of Fig.5 corresponds to a=11/31,
p=15/31 and shows clearly that the minimum energy is
achieved by three different error sequences depending
on the relative energy of the interfering user.
Bounds on the error probabilities corresponding to
this example (worst—case relative delay between users
1 and 2) are calculated in Fig.6, for three relative
energies,namely, SNRp/SNRy=-10 dB, -5 dB, 0 dB,
wherein the optimum asymptotic efficiemcies are
0.88,0.92 and 1.0 respectively (Fig.5). It is
interesting to observe in the graphics corresponding
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to SNRy/SNR;=-10 dB, -5 dB that all four bounds
derived in Section III play a role in some SNR inter—
val, in particular, the error probability of the con
ventional detector is lower than the upper bound to
the optimum sequence detector for small SNR. It is
apparent in Fig. 6 the opposite effect of an increase
in the energy of the interfering users on the minimum
and conventional probabilities of error: while the
optimum gequence detector bounds become tighter and
closer to the single user lower bound, the convemr
tional error probability grows rapidly until it
becomes multiple—access limited (for SMNRy/SNR;=6.3
dB).

V. CONCLUDING REMARKS

By invoking central limit arguments, it has been
generally conjectured that the error probability of
the conventional receiver is quagi—optimal if spread-
spectrum signals are employed. The main reason the
results of this paper do not support this comjecture
is not the inaccuracy of the gaussian approximation
for a tinite number of users with nonzero powezr.
Rather, it is the fact that every decision of the con—
ventional receiver is constrained to be based only on
the time interval corresponding to one bit of ome
user, which accounts for the loss of optimality in
situations where the background noise is not dominaat.

It has been shown that in the high SNR region,
the minimum bit error rate is closely approximated by
the error probability of the optimum sequeace detec—
tor. For an assossment of the feasibility of this
receiver, two aspects deserve particular attention.
First, the evident drawback of the exponential com-
plexity of the decision algorithm in the total npumber
of users is toned down by the comparatively small
performance gains attsined by =not neglecting weak
users with other destinations, and by the results of
less demanding suboptimal algorithms for related shor—
test path problems. Second, as each user becomes
active the sequence detector is required to synchron
ize to its bit—epoch, carrier phase and information
(reoall that the transmission is assumed to start at a
finite time instant), and neceds to determine the
cross—correlations {H;y(r), i=1,,..,K, #=0,1}, . which
are functions of the actual relative amplitudes,
delays and phases,

The results presented here open the possibility
of a tradeoff between the complexities of the receiver
and the signal constellation in oxder to achieve a
fixed level of performance; the actual compromise
being dictated by the relative received powers at the
various destinations. Such 2 tradeoff is likely to
favor an optimmm soquence - receiver that takes into
account only those wuawanted users that are mot com—
paratively woak at its location. On the other hand,
good asymptotic efficiencies for all users require
highly complex signals when their emergies are very
dissimilar; however if unit asymptotic efficiencies
are achieved for most of the signal delays, a further
improvement of the cross—correlation properties has a
negligible effect on the minimum error probabilities
in the SNR region of interest., The utilization of
signal constellations with good asymptotic efficien—
cies has the additional advantage of reducing the
dopendence of the minimum error probabilities on the
actual received signal delays to inappreciable levels
(which are attained by the comventional receiver only
for signals of impractical complexity).

219

[1]

[2]

[3)

[4]

[51
(6]

(71

{8l

(8]

[10]

[11]

[12]

f13]

{14}

(15]

[16]

[17]

(18]

[19]

[20)

REFERENCES

D. E. Borth, M. B, Pursley, D. V., Sarwate and W.
E, Stu'k,' "Bounds on Error Probability for
D;tect—Se%uence ctrum Multiple—-Access

ead-§;
Communications,” Sfr 9 M{écon Professional Pro—
grun vol. 15: Spre ectrum Commmication Sys—
em Concepts, . .
A, P, Clark, Advanced Data-Transmigsion Sy tems
New York: HantTE_Feu. 1977. 2 g

G, D, Forney, "Lower Bounds on Error Probability

in the Presence of Large Int&r‘azmbol Interfer—

;:g?,'l' mjz Irans., Comm., vol. 20, pp. 76-71,

G. D. Forney, “Maximm Likelihood Sequence Esti-
mation of Digital Sequences in the Presence of
Intexsymbol Interference,” Trans, Info,
Theory, vol. IT-18, no. 3, pp. 363-378, May I97Z.

G. D. Forney, "The Viterbi Algorithm,” Proc.
IFEE, vol. 61, no, 3, pp. 268-278, March 1977,

G. J. Foschini, "A Reduced State Variant of Max—
imum  Likelikho Sequence Detection Attaining
Optimum Performance for High

Signal-to-Noise

Ratios,” Irans. Info. Theory, vol. IT-23
pp. 605-609, Sept. 1977.

F. D. Garber and M. B. Pursley, "Optimal Phases
of Maximal Sequences for yachronous Spread—

Spectrum Multiplexing,” IEE Electronic %tten.
11th Sep. 1980, vol. 16, no. 19, pp. 736-137.

E. A. Geraniotis and M. B. Pursley, "Error Proba—
bility for Direct—Sequence éprnd—Spectm
Multiple~Access Communications — Part I:

ar II:
Approximations,” IEEFE Trans, Comm., vol. COM-30
no. 5, pp. 985-995, May 1982. '

R. M. F, Goodman and A. F. T. Winfield, "Soft-
Decision Minimum-Distance Sequential Decoding
Alioritlm for Convolutional Codes,” IEE Prog. F.,
vol. 128, no. 3, pp. 179-86, June 19%Y,

J. F. Hayes, T. M,

Cover and J., B, Riera,

"Optimal Sequence Detection and Optimal Symbol-

Op

%'y-Symbol Detectioil: Simi%ar Alggrithmi;z £E
rang, Comm,, vol. O0OM- no, . -157,
T g s o S PR

J. G. Proakis, Digital Communications, New York:
Moczaw Ho11, jomyitel

M. B. Pursley, "Spread Speotrum Multiple—Access
Commmuications,” in Multi-User Coi icati -
§g|u, G, Longo ., vienna " ai ew
pringer Verlag, 1981,

M. B. Pursley, D, V. Sarwate and W. E. Stark,

"Error Probability for Direct~Sequence Spread—
ctrum Multiple—Access ications — Part I:
r and Lower Bounds,"” Traps., Comm., vol.
30, no. 5, pp. 975-984, May .

K, S. Schneider, "Optimum Detection of Code Divi-

ork:

sion Multiplexed Signals,” Trans. Aero.
lectro. Sys., vol. A@fu. no, I, pp. 181-185,

an, 9.

G. Ungerboeck, "“Adaptive Maximum Likelihood
Receiver for Carrier-Modulated Data Transmission
Systems,” IEEE Irans, Comm., vol. 0OM-22, mo. §,

Pp. 624-636, May 1974.
H, L. Van Trees

tection, Estimation a Modu—
lation Theory: f, Reeoyiop: Egtimation snd cpods=

S. Verdu, "On Fixed-Interval Minimum 1 Error
Probability Detection,” Coordinated Science
Laboratory Technical Report UILU-ENG83-2211.

S. Verdu, "Optimm Sequence Detection of Asyn—
chronouns Multiple—Access Communications,”
resented at the 12% Int. on
nformation Theory, . Jovite, Cana

A. J. Viterbi and J. K. Omurs, Principl
igita .l%sﬂnésem and Coding, New Fortr
rew-Hill, .

C. L. Weber, G, K, Huth and B. H,
mnfe A Coméde:utioga of  Code Di;fision

e—Access Systems,” IEEE Trans. Veh. Tech.
vol. VI-30, no, 1{ pp. 3-9, F b;ml. )

081

Batson, "Per—



